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Abstract: The processes of rock formation have long been known and widely described in many
literature items worldwide. Due to the multitude of occurring rock types, they are distinguished
by various properties. For many decades, scientists worldwide have been determining various
parameters by which these properties of rocks can be described. Tests of these parameters are
commonly performed in many research centres worldwide. Depending on the scientific discipline,
some researchers focus on geological properties (colour, structure, texture, chemical composition).
Other researchers focus on physical and mechanical properties: hardness, density, strength properties,
compactness, etc. Among them, abrasiveness and abrasivity can also be distinguished. In terms
of nomenclature, they are very similar and often confused. Even within the academic community,
researchers often use the names interchangeably, which needs to be corrected. This article aims
to explain the difference between rock abrasiveness and rock abrasivity, classify methods for their
assessment and present their practical applications in the mining and construction industry. It should
be emphasized here that abrasiveness is determined when we are interested in the abrasive wear of
natural stone and abrasivity when we are interested in the wear of the tool with which we cut the
stone. The purpose of this article is also to let the reader decide whether to carry out an abrasiveness
or abrasivity test and which method to use.

Keywords: rock properties; rock abrasiveness; rock abrasivity; abrasive wear

1. Introduction

Rocks are characterised by various properties resulting from their structure. It later
has a direct impact on the processes related to the destruction of their cohesion in order to
obtain a product (output) irregular (energy raw materials, but also gravels, sands, clays,
aggregates, hardcore, etc.) or regular (paving stones, kerbs, slabs, decorative materials,
etc.) [1–3].

Rocks have anisotropic properties due to their discontinuity in the geometric sense
(grain size, stratification, fractures, etc.) and the physical sense (variable properties in
different directions). Therefore, describing their properties with only one parameter is
not very accurate and, in many cases, even impossible. Hence, several or over a dozen
parameters describing their properties are used to characterise rocks.

The procedure for determining the properties of a given rock begins with very pre-
liminary tests, i.e., organoleptic tests (macroscopic analysis). On this basis, it is possible
to determine properties such as colour, lustre, structure, texture, streak or transparency.
Then, it is possible to proceed to the microscopic analysis. After preparing the appropri-
ate preparations, it is possible to perform, among other things, a detailed analysis of the
mineral composition, determine the grain size or colour of individual minerals (using a
polarizing or scanning microscope) and even the exact chemical composition (e.g., using a
spectrometer) [4,5].

Physical and chemical properties are also used to characterize rocks. They consti-
tute an extensive range of properties, including hardness (Mosh scale), cleavage, density,
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porosity, water absorption, fire resistance, low-temperature resistance, permeability, heat
conductivity, electric conductance, magneticity and many more [6–9].

Among the physical properties, the so-called mechanical properties can be distin-
guished. The largest group are strength properties, where compressive strength (USC),
tensile strength (BTS) and bending or shear strength are determined. In addition, the
mechanical properties include workability [10], compactness (point load compression by
Protodiakonov [11]) and abrasive properties [12]. Regarding the abrasive properties of
rocks, there are two very similar concepts—rock abrasiveness and rock abrasivity.

ABRASIVENESS is defined in different ways. In the case of natural and artificial
materials, their susceptibility to abrasive wear is defined by abrasiveness. It can be said
that the abrasiveness is responsible for the extent to which the rock will be “worn out”
during the impact of the abrasive material on it.

In contrast with abrasiveness, ABRASIVITY describes the ability of rocks (minerals)
to wear (frictionally) the surface of solid materials, primarily metal but not only. Such
contact occurs during rock mining (digging tools, excavator buckets), drilling holes (drilling
tools), loading (loader buckets) or its transport for short-distances (flight-bar conveyors,
tractor-scrapers, dozers) and long-distances (haul truck’s boxes). Abrasivity is responsible
for how much the element in contact with it wears out.

The definitions of rock abrasiveness and rock abrasivity are similar and, therefore,
very often need clarification. Even within the academic community, researchers often use
the names interchangeably, which needs to be corrected. Various methods determine the
parameters defining them and at various test stands, the following article presents the
methods of their determination and practical application in the construction industry and
various other industries.

2. Rock Abrasiveness Test Methods

Among the rock abrasiveness test methods, Böhme, wide wheel, Amsler and micro-
Deval are currently four commonly used methods.

2.1. Böhme Abrasion Test

The most common method of assessing rock abrasiveness is the Böhme abrasion test
(BA) [13,14]. The test consists of placing the rock sample on the test track of the rotating disk,
on which a standard abrasive is poured. The disc is rotated and the samples are pressed at
approximately 294 N for several cycles. Artificial corundum is used as the standard abrasive
material. At least six samples are required for the test: cubes of approximately 71 mm on
an edge or cuboids with a square base of approximately 71 mm on each side. The front
contact surface must be smooth and flat. Samples must be clean and dry. Before testing,
the bulk density of the sample, ρb, is determined by measuring its sides and weighing it to
determine the initial mass, mi. Wet or water-saturated samples can also be tested using
this method. The device (Figure 1) consists of a rotating disc with a test track, a sample
holder and a counterweight. The disc has a diameter of 750 mm, is flat and horizontal and
should rotate at 30 rpm. In addition, the disc is equipped with a revolution counter and
a device that turns it off automatically after 22 revolutions. The test track is ring-shaped
with an internal diameter of 120 mm and an external diameter of 320 mm. The rotating
disc is cast iron and must be replaced as its surface wears out during testing. The sample
holder consists of a U-shaped frame of approx. 40 mm high, 5 mm distant from the test
track. The counterweight consists of a lever with two arms of different lengths, a weight
and a balance [13–15].

The test begins with pouring 20 g of abrasive onto the test track. Next, the sample in
the holder is fixed and, after setting the front surface on the track, it is axially loaded with a
force of about 294 N. The sample is subjected to 16 abrasion cycles, 22 turns each. After
each cycle, both the disc and the face of the sample are cleaned, the sample is turned 90◦ in
the same direction and 20 g of abrasive material is refilled into the apparatus. Before testing
and after every four cycles, the sample should be weighed. The result of the tests is the
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calculation of wear due to abrasion after 16 cycles as the average decrease in the volume of
the sample ∆V, from Formula (1).

∆V =
∆m
ρb

(1)

where: ∆V—sample volume loss after 16 cycles, mm3; ∆m = (mi − mf)—sample mass loss
after 16 cycles, g; ρb—sample bulk density, g/mm3.
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Figure 1. Böhme abrasion test device: 1—counterweight, 2—test track, 3—loading weight, 4—sample
holder, 5—tested sample, 6—rotating disc [13,15].

2.2. Wide Wheel Abrasion Test

The second most popular method of assessing rock abrasiveness is the wide wheel
abrasion test (WWA). According to the PN-EN 14157:2017 standard [13], this method is
considered a reference. It consists of wearing the upper surface of the sample with an
abrasive material, which in the test is corundum (white alumina) with a grain size of 80. At
least six samples with dimensions of at least 100 × 70 mm are needed for the test. Samples
must be clean and dry. The test surface of the sample must be flat and smooth. Immediately
before the test, the surface should be covered with a dye that facilitates the subsequent
measurement of the groove [15].

The WWA device (Figure 2) consists of a wide abrasion wheel, a storage hopper with
one or two control valves to regulate the flow of abrasive material, a flow guidance hopper,
a clamping trolley with a sample holder and a counterweight. The diameter of the steel
wheel is 200 mm and its width is 70 mm. The clamping trolley with the sample holder is
mounted on bearings. A 14 kg counterweight forces its movement towards the wheel. The
storage hopper is used to supply abrasive material to the flow guidance hopper. A flow
guidance hopper with a cylindrical or rectangular cross-section has a slotted outlet about
45 mm long and 4 mm wide [15].

During the test, the sample is fixed on the clamping trolley with a wedge to allow the
abrasive to flow under it and is pressed against the wide abrasion wheel. The wheel makes
75 revolutions in 60 s. The abrasive material is fed from the flow guidance hopper onto the
wide wheel with a constant stream at a speed of 2.5 L/min. After 75 revolutions, the wheel
and the abrasive material flow must be stopped. The result of the test is the dimensions of
the groove (Figure 3). The dimensions of the groove are measured with a digital calliper
at points A and B, at the inner edge of the longitudinal groove boundaries l1 and l2. The
measurement 10 ± 1 mm from the end of the groove (CD) must be repeated to calibrate
and obtain three readings [13,15].
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Figure 2. Wide wheel abrasion test device: 1—clamping trolley, 2—fixing screw, 3—tested spec-
imen, 4—control valve, 5—storage hopper, 6—flow guidance hopper, 7—wide abrasion wheel,
8—counterweight, 9—slot, 10—groove, 11—abrasive material flow, 12—abrasive material collector,
13—wedge [13,16].

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 22 
 

  

Figure 2. Wide wheel abrasion test device: 1—clamping trolley, 2—fixing screw, 3—tested speci-
men, 4—control valve, 5—storage hopper, 6—flow guidance hopper, 7—wide abrasion wheel, 8—
counterweight, 9—slot, 10—groove, 11—abrasive material flow, 12—abrasive material collector, 
13—wedge [13,16]. 

 
Figure 3. Measurement of groove geometry on the sample after the test [13]. 

2.3. Amsler Abrasion Test 
The third method of determining rock abrasiveness is the Amsler test. The test begins 

with placing the rock sample on the disc (Figure 4), where the abrasive material is scat-
tered. The disc is then rotated and the rock sample is worn for several cycles. The abrasive 
material is medium silica sand (0.2 to 0.6 mm). At least six 60 mm × 60 mm × 25 mm sam-
ples are required for the test [13]. 

The testing machine consists of the following parts: 
‒ horizontal cast iron disc rotating around a vertical axis (Figure 4, position 1); 
‒ rock sample holder, which presses the sample to the rotating disc with a force of 335 

N and allows it to rotate around its vertical axis at a rotational speed of 0.75 rpm 
(Figure 4, position 2); 

Figure 3. Measurement of groove geometry on the sample after the test [13].

2.3. Amsler Abrasion Test

The third method of determining rock abrasiveness is the Amsler test. The test begins
with placing the rock sample on the disc (Figure 4), where the abrasive material is scattered.
The disc is then rotated and the rock sample is worn for several cycles. The abrasive
material is medium silica sand (0.2 to 0.6 mm). At least six 60 mm × 60 mm × 25 mm
samples are required for the test [13].

The testing machine consists of the following parts:

– horizontal cast iron disc rotating around a vertical axis (Figure 4, position 1);
– rock sample holder, which presses the sample to the rotating disc with a force of

335 N and allows it to rotate around its vertical axis at a rotational speed of 0.75 rpm
(Figure 4, position 2);

– devices for feeding water, drop by drop, and sand onto the rotating disc at 150 g/min
(Figure 4, position 3) [13].
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Before testing, the thickness of each sample is measured in the centre of each of the
four side faces. After mounting the samples to holders, the stand is started. The test ends
when each sample has made a distance of 200 m. The rock samples are removed, washed
with clean water and cleaned with a cloth. The final thickness is measured as before the
test. The result of the test is the wear of each sample and is calculated as follows:

A = lA − lB (2)

where: A—sample wear, mm; lA—average thickness of each sample before testing, mm;
lB—average thickness of each sample after testing, mm.
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2.4. Micro-Deval Abrasion Test

The micro-Deval abrasion test is the last method to assess rock abrasiveness [18]. The
test determines the percentage loss of the initial mass of the sample during its abrasion to
dimensions smaller than 1.6 mm. The micro-Deval testing machine is shown in Figure 5.
It consists of one to four drums, closed at one end, with an internal diameter of 200 mm.
The drums, which are arranged on two driving shafts rotating horizontally, are made of
stainless steel and their wall thickness is at least 3 mm. The inside of the drums must not
have unevenness due to welds or the method of joining. The drums should be closed with
flat covers, at least 8 mm thick, and a gasket, ensuring they are water- and dust-tight. A
typical motor drives the drums with a power of about 1 kW and a constant speed of about
100 rpm. The motor stops when a certain number of revolutions is reached, which is set
using a counter or other device equipped with an automatic device [18].

The test is carried out on aggregate passing through a 14 mm sieve and remaining on
a 10 mm sieve. A sample mass of at least 2 kg should be sieved through 10, 11.2 and 14 mm
sieves to obtain a grain size of 10 to 11.2 mm and 11.2 to 14 mm. Then, each aggregate
sample should be washed separately and dried at 110 ± 5 ◦C to constant mass. After
cooling to ambient temperature, both samples should be mixed to obtain a modified sample
with a 10 to 14 mm grain size. Two samples are needed for the test, each of 500 g in mass.
The abrasive material is steel balls with a diameter of 10 mm.
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3—driving shaft, 4—shaft fixing, 5—frame, 6—flexible coupling [18].

Each sample is placed in a separate drum. An amount of 5000 g of steel balls is added
to each drum. The drums are rotated at 100 rpm until 12,000 revolutions are reached. After
the test, the aggregate is placed on a 1.6 mm sieve. Then, the aggregate grains remaining on
the sieve are carefully separated from the steel balls, not losing any aggregate grains. The
grains can be selected by hand and a magnet can remove the balls from the sieve. Finally, it
is necessary to record the mass, m, of grains remaining on the 1.6 mm sieve. Each sample’s
micro-Deval MDS factor is calculated using Formula (3).

MDS =
500 − m

5
(3)

where: m—mass of dry aggregate remaining on the 1.6 mm sieve, g.
The mean value of the micro-Deval is calculated from the values obtained from the

two test samples. The test can also be performed wet. They are carried out in the same way,
only water is added to the drum. For distinction, the name of the MDS coefficient has been
changed to MDE and it is also calculated using Formula (3) [18].

2.5. Summary

The WWA test is straightforward to perform. The stand has an uncomplicated struc-
ture. However, the test requires the preparation of abrasive material with the appropriate
grain size, which is quite time-consuming and labour-intensive. In addition, the test’s result
(the measurement of the linear dimensions of the groove) may need to be more precise.

In the case of the BA test, the only disadvantage is the very time-consuming and labour-
intensive conduct of the test, which requires constant control by the person performing the
test. However, a definite advantage is that the test result is based on the measurement of
mass, which can be measured with much greater accuracy. In addition, the Böhme test, in
contrast to the WWA test, can also test wet or water-saturated samples.

The result of the Amsler test is also a linear measurement of the samples, which can
also be inaccurate, especially in the case of uneven sample wear.

Performing the micro-Deval test is also very time-consuming and labour-intensive.
This is mainly related to the long and complicated process of preparing samples with the
appropriate grain size. Additionally, the aggregate during testing in drums is also worn by
crushing, not only abrasion. It should also be emphasized that the micro-Deval method is
applied to determine the abrasiveness of grained material, not the natural stone.

Some researchers also qualify the Los Angeles (LA) test to assess rock abrasiveness.
However, it should be emphasized here that this test is used to assess the fragmentation
resistance of the aggregates [19,20], not abrasive wear. It is performed under the European
standard EN 1097-2 [21].
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3. Rock Abrasivity Test Methods

Among the rock abrasivity test methods, Cerchar, Shimazek, LCPC, SAT, RIAT, RSAI
and AGH are currently seven commonly used methods.

3.1. Cerchar Scratch Test

The most commonly applied method is determining the Cerchar abrasivity index (CAI)
value in the Cerchar scratch test. The test was originally developed by the Laboratoire du
Centre d’Études et Recherches des Charbonnages (CERCHAR) de France for coal mining
applications (Cerchar 1986) [22–25]. This test method is described by two French standards:
AFNOR NF P 94-430-1 (2000) [26] and ASTM D7625-10 (2010) [27]. It is widely used in
research and practice. The original testing stand was developed at the Cerchar Centre in
1973. Then, in 1989, West [28,29] proposed a modified testing stand.

The test is carried out using a sharpened testing pin (Figure 6) with a conical tip angle
of 90◦ and a diameter of 11 mm and a length of 60 mm. It should be made of 115CrV3 steel
hardened to 55 HRC. The pin is pressed against the rock sample’s surface under a load
of 70 N, with which a groove 10 mm long is drawn (Figure 7). The test is performed on
the surface of a small piece of rock of natural roughness. The sample is mounted in the
vice [22]. The test is repeated several times in different directions of the rock sample, using
a new testing pin each time in order to take into account the anisotropy phenomenon when
calculating the resultant diameter of the flattening testing pin in mm caused by friction
with the surface of the sample [22–25].

The CAI value is determined using the wear of the testing pin tip (flattening, rounding)
caused by friction with the sample (Figure 8), measured using an optical microscope. The
flattening diameter is measured in four positions, with the testing pin rotated 90◦ each time.
Hence, the measurement is made at 0◦, 90◦, 180◦ and 270◦ of the circumferences of the steel
testing pin tip. The CAI is calculated using Equation (4) [22–25].

CAI = 10 · 1
n
· ∑

n
d (4)

where: n—number of measurements, d—the resultant diameter of the flattening testing pin,
mm.
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Based on many rock tests at the SMC (Sandvik Mining and Construction) petrography
laboratory in Zeltweg, Austria, abrasivity grades expressed in CAI values were created.
This classification is given in Table 1 [30].

Table 1. Mineral classification in terms of abrasivity [23,30].

CAI Rock Abrasivity FSCHIM Index

4.50 ≤ CAI extremely abrasive 3.50 ≤ F
3.0 ≤ CAI < 4.5 highly abrasive 1.00 ≤ F < 3.50
2.3 ≤ CAI < 3.0 very abrasive 0.50 ≤ F < 1.00
1.8 ≤ CAI < 2.3 abrasive 0.25 ≤ F < 0.50
1.3 ≤ CAI < 1.8 considerably abrasive 0.10 ≤ F < 0.25
1.0 ≤ CAI < 1.3 moderately abrasive 0.05 ≤ F < 0.10
0.5 ≤ CAI < 1.0 slightly abrasive 0.01 ≤ F < 0.05

CAI < 0.5 not abrasive F < 0.01

3.2. SHIMAZEK Coefficient

The second indicator determining the rock abrasiveness is the SHIMAZEK F coefficient,
calculated based on the tensile strength of the mineral (BTS), the average diameter of the
quartz grains and the content of hard minerals referred to as quartz (percentage equivalent
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of quartz content) [31,32]. Then, the abrasivity value should be determined using the
following Equation (5).

FSCHIM =
Rr · dqu · Q

100
(5)

where: Rr—tensile strength, dqu—average size of quartz grains, Q—percentage equivalent
of quartz content, where:

Q = vk + 0.33 · vm (6)

where: vk—percentage of quartz in a tested rock, vm—percentage of other abrasive minerals.
Grain size and mineralogical composition are determined on a thin rock sample under

a polarizing microscope. First, the average grain size of the individual mineralogical
components is determined. Depending on the size, 50, 100 or 200 grains are measured
individually using an optical microscope. The final value is calculated as the average of
the individual measurements. For rocks with one dominant orientation (stratification),
calculations are performed in two directions, parallel and normal to the direction of this
orientation. The determination is made only for quartz grains if the dominant mineral
is quartz. It is easy to see that the above method is more challenging to implement and,
therefore, more expensive. However, minerals with a low quartz content should be marked
with FSCHIM, which can be converted into an abrasivity index CAI (7) and vice versa (8) [30].

CAI = 2.9 · FSCHIM
0.347 (7)

FSCHIM = 0.046 ·CAI2.88 (8)

Research and practical conclusions have shown that the value of the CAI is more
suitable than FSCHIM for assessing the abrasivity of minerals in the aspect of wear of cutting
tools (picks, discs, drilling tools). The disadvantage of this method is inaccuracy for low- to
medium-abrasive minerals such as carbonates, shales, etc. However, these minerals are not
critical for the wear of cutting tools [30]. The mineral classification according to abrasivity
is presented in Table 1.

3.3. LCPC Abrasivity Test

The third method of determining rock abrasivity is the LCPC test. The method was
developed in the 1980s by a French laboratory (Laboratoire Central des Ponts et Chaussées)
to test soil abrasivity and is described in French Standard NF P18-579 [33]. Figure 9 shows
the test stand for performing the LCPC abrasivity test. The main units of the test stand are
the frame, the motor, the funnel tube, the metal impeller and the sample container. The
0.75 kW motor ensures the rotation of the axle.
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A steel impeller (sample) is mounted to the end of the axle and immersed in a cylin-
drical sample container. The impeller has a rectangular shape of 50 mm × 25 mm × 5 mm
and is made of standardised steel with a Rockwell hardness of HRB 60–75. The impeller
must be replaced after each test [34,35]. To determine the LAC coefficient, measuring the
weight loss of the rectangular metal impeller is necessary. It is rotated at 4500 rpm for
5 min, covered with 500 g of rock previously crushed into pieces with a 4.0 to 6.3 mm
diameter. The LAC coefficient is calculated as the ratio of mass loss of the steel impeller
and the sample mass.

LAC =
m0 − m1

M

[g
t

]
(9)

where: LAC—LCPC abrasivity coefficient, g/t; m0—mass of the steel impeller before test, g;
m1—mass of the steel impeller after test, g; M—mass of the sample material (=0.0005 t), t.

3.4. SAT Abrasivity Test

Another of the currently used methods of testing the abrasiveness of rocks is the SAT
test, also called the NTNU/SINTEF test, developed at the Norwegian University of Science
and Technology in Trondheim (NTNU—Porges teknisk-naturvidenskabelige universitet) in
cooperation with the SINTEF (Stiftelsen for industriell og teknisk forskning). Initially, the
test measured the abrasive wear of a tungsten carbide specimen, while today, the specimen
is made of steel [35–37].

The test specimen (Figure 10) is a cube with a rounded surface shape. The length of
the test specimen is 30 mm, the width 20 mm and the radius 15 mm. The soil sample must
be dry and gently crushed with a grain size of less than 4 mm [35–37].
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The test device for the soil abrasivity test, SAT, (Figure 11) consists of a drive, a rotating
steel disc, a test specimen, a weight, a sample material feeder and a suction device.
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The abrasivity test represents the time-dependent abrasion of steel test specimens
caused by rock powder or soil grains. A circular steel disc with a circuit of 1000 mm is set
horizontally and rotates around its axis at a speed of 20 rpm. A rock or soil sample falls
through the feeder onto the steel disc and forms a material swath. The mass flow rate of the
sample material is about 80 g/min. The test specimen is mounted in front of the feeder and
loaded with a force of 100 N. The test specimen is rigidly clamped and immovable during
the test. The contact between the test specimen and the soil sample causes abrasive wear on
the test specimen. Behind the feeder, a suction device is installed to remove the soil sample
from the steel disc. The test lasts 1 min or 20-disc rotations and usually is carried out on
2–4 test specimens. After the test, rock abrasivity is classified according to Table 2 [35–37].

Table 2. Mineral classification in terms of abrasivity [35].

Specimen Weight Loss [mg] Abrasivity

≥22.0 high
7.0 ÷ 22.0 medium

≤7.7 low

3.5. RIAT Abrasivity Test

Another currently used method of testing abrasivity is the RIAT test developed by
the Norwegian University of Science and Technology (NTNU), just like the SAT test. In
the methods described above, the pin/specimen slid over the surface of the rock sample.
In contrast to the tests described above, the RIAT is based on a rolling contact that is
more pragmatic for assessing disc cutter wear. This contact method between the miniature
rolling disc and the rock sample imitates the working conditions of the cutting discs used
in TBM [38].

Miniature rolling discs are made of hot work tool steel X40CrMoV5-1, generally used
for the real TBM cutter discs. The miniature discs have a constant tip width of 4 mm and a
diameter of 30 mm. The steel’s Rockwell hardness is HRC 50 ± 1. The sample is a block
of rock that can have any shape. Usually, a circular rock core is used for the test, with a
minimum diameter of 100 mm. The rock sample surface is recommended to be smooth and
horizontal [38].

The RIAT device is shown schematically in Figure 12. During the test, two miniature
discs roll over a rock sample under the normal force of 1.25 kN at a speed of 40 rpm and a
centre distance of 60 mm. The test duration is 30 min [38].
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The RIAT test results are the RIAT abrasivity index (RIATa) and the RIAT indentation
index (RIATi). The RIATa is defined as the mass loss of the miniature rolling disc, measured
in milligrams after the test. A representative means at least three tests determine value.
The RIATi is defined as the mean value of 10 evenly distributed measurements of the
penetration depth of the miniature rolling disc into the rock surface in 1/100 mm. The
RIATi value is an indication of the penetration resistance of the rock or the hardness of the
rock surface.

3.6. RSAI Abrasivity Test

The rock and soil abrasivity index (RSAI) can be determined using a testing device
schematically shown in Figure 13. The blade rotates in a soil or crushed rock medium when
it has a specific pitch angle. It generates soil compaction and leads to wear of the blade
under high contact stresses. The blade and soil interaction also generates a frictional torque
on the test chamber, measured by a torque meter. By directly measuring weight loss on the
blade cover and given the selected hardness of the cover, the calculation of

∫
Tδθ from the

test allows for quantification of (K/µ) [39].
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Based on extensive experimental work on the values of wear and friction indexes for
soil and rock materials, the RSAI is suggested as follows (10):

RSAI = 10, 000
(

K
µ

)
= 10, 000

(
HV∫
Tδθ

)
(10)

3.7. AGH Abrasivity Test

The last method to determine rock abrasivity was developed at the Polish AGH
University of Science and Technology in Krakow. The AGH abrasivity test evaluates the
mass abrasive wear of a testing pin in contact with a rock sample with a constant normal
force of 300 N and moving uniformly around a circle at 50 rpm for 8 min. The testing pin
is made of S235 steel, with a diameter of 8 mm and a length of 35 mm. Rock samples for
testing are a core with a diameter of 70 mm or a cube with an edge length of 70 mm [40,41].

The test stand is equipped with a motor reducer, the shaft of which is fitted with a
testing pin holder (Figure 14). The rock sample is fixed in a unique holder that ensures its
immobilisation during the test. The testing pin with the rock sample forms a friction pair
(Figure 15). The counterweight ensures the constant clamping of the rock sample face to
the surface of the testing pin. The computer sets the rotational speed of the testing pin and
time. Thanks to the control system, the motor stops compulsorily after a set time [40,41].
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The mass of the testing pin and the rock sample is measured before and after the test.
The parameter characterising the rock abrasivity is the abrasivity coefficient, Wz, which is
defined as the ratio of the mass loss of the testing pin to the mass loss of the rock sample
and is determined as follows (11):

Wz =
mpa

mpi
=

mpab − mpaa

mpib − mpia
(11)

where: mpab—mass of testing pin before test, g; mpaa—mass of testing pin after test, g;
mpib—mass of rock sample before test, g; mpia—mass of rock sample after test, g.

3.8. Summary

The main disadvantage of the Cerchar method is that the measurement can be con-
ducted only on small rock pieces. This can lead to a large spread of the obtained results,
depending on the test area chosen by the operator, for inhomogeneous and variable rock
samples. Secondly, the veracity of this method primarily depends on the skills and experi-
ence of the operator. This person must have sufficient experience to identify the criteria
for abrasion of the rock sample and then perform the test according to these criteria. In
addition, the measurement of the pin flattening diameter requires specialised equipment.
It can be challenging in the case of unsymmetrical or one-sided flats of the testing pin.
Therefore, this test’s results are often unreliable or incomparable, which is pointed out by
Käsling and Thuro [34].

The SHIMAZEK F coefficient is determined in exceptional cases for minerals with low
quartz content or sedimentary rocks, but only when necessary. To calculate this coefficient,
it is necessary to determine as many as three parameters, such as the uniaxial tensile
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strength, the average size of quartz grains and the percentage equivalent of quartz content,
which requires time-consuming and costly tests.

The LCPC test is not a widely known way to determine rock abrasivity. Although it
is standardised in France (AFNOR P18-579), work is still underway to implement it. In
addition, the publication’s authors [34] emphasise that there are significant discrepancies
between the results of the Cerchar and the LCPC test.

The SAT test proposes only three abrasivity classes because this method is relatively
new and the amount of collected data is small.

During the RIAT test, rock dust and debris formed should be removed from the surface
of the rock to be tested to ensure that the small rolling disc is in constant contact with
the rock sample. For this purpose, compressed air and suction are used, which requires
additional installation in the laboratory. In addition, this method is mainly dedicated to
rock mining using discs.

The RSAI method is related mainly to the previously mentioned LCPC test and is only
suitable for crushed rocks.

The stand’s essential advantage in the AGH abrasivity test is the rock sample’s hori-
zontal arrangement. This enables the removal of detached rock grains from the road along
which the testing pin moves. This solution eliminated the influence of loosened grains on
the testing pin and the rock sample wear.

4. Discussion

The assessment of rock abrasiveness and rock abrasivity is carried out for different
purposes, for different materials and in different industries, such as construction, road
construction and mining. The scope of practical use of the above-described methods
was analysed and presented to emphasise the importance of performing these tests. The
analysis was conducted so the reader could decide whether to carry out an abrasiveness or
abrasivity test and which method to use.

4.1. Rock Abrasiveness Test Methods Application

As previously mentioned, rock abrasiveness is assessed to check resistance to abrasive
wear. The standard method in EN 14157:2017 standard [13] is the wide wheel abrasion
test (WWA). However, the most commonly used method for evaluating rock abrasiveness
is the Böhme abrasion test (BA). The BA test was used by Cobanoglu et al. [15] to assess
the abrasion resistance of natural stones used as slabs in the construction sector. The
tested materials included carbonate rocks, such as travertines, limestones and dolomites.
Karaca et al. [42] also used the Böhme test to assess the abrasion resistance of different
natural stones from sedimentary, metamorphic and igneous groups in terms of their use
for paving slabs. Shagñay et al. [43] proposed using industrial (slag and fly ash) and
ceramic wastes for the total or partial substitution of Portland cement in manufacturing
both alkaline-activated and hybrid types of cement. Different mortars were manufactured
to carry out this study and evaluate the behaviour of the new materials. The behaviour
of all the mortars regarding mechanical resistance and endurance to abrasion was tested.
After the Böhme abrasion test, their effectiveness was reiterated and even some had better
durability to wear in comparison to the Portland cement. Bodnárová et al. [44] used the
Böhme test to evaluate the abrasion resistance of concrete by adding different types of active
and inert mineral additives. An abrasive effect is most noticeable in transport or water
management structures and these structures are often designed for a substantially longer
lifetime (usually 100 years). Alaskar et al. [45] performed a study to enhance concrete’s
abrasion and skid resistance as a pavement material by reinforcing it with polypropylene
(PP) fibres. The influences of waste PP fibres and palm oil fuel ash (POFA) on the abrasion
resistance (using a Böhme surface abrasion machine) of the concrete were investigated.
Strzałkowski and Köken [46] developed an alternative to the standard Böhme test method
using neural networks to assess rock abrasiveness based on physical and mechanical
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properties such as dry density (ρd), water absorption by weight (wa), Shore hardness value
(SHV), pulse wave velocity (Vp) and uniaxial compressive strength (UCS) of rocks.

The second most commonly used method of evaluating rock abrasiveness is the micro-
Deval test [17]. Benjeddou and Mashaan [20] used this method to assess the abrasion
resistance of aggregate obtained by crushing marble waste as a conventional aggregate for
road construction. The test was performed to verify that the coarse aggregate obtained
by crushing marble waste is resistant to abrasion actions between the grains themselves
and between grains and external loads. Copetti Callai et al. [47] used this method to
evaluate the geopolymer material’s resistance to abrasion obtained from a mix of activators
and precursors. The materials used in these tests, as precursors, were metakaolin and
powdered basalt. Ðokić et al. [48] used the micro-Deval test to assess the abrasion resistance
of the concrete aggregate (RCA) as a partial replacement of natural aggregate in road
engineering in different flexible and rigid pavement layers and for various traffic loads.
RCA was reached by crushing 30-year-old concrete slabs covered with a protective layer
of asphalt. This concrete contained natural river aggregate with a maximum grain size
of 16 mm. Courard et al. [49] dealt with the same topic. Authors claim that fine recycled
aggregates are produced in large quantities when crushing construction and demolition
waste (C&DW). However, even if coarse recycled aggregates are commonly used for road
foundations, fine particles are often rejected as they are considered detrimental to the
long-term behaviour of foundations. Micro-Deval tests are required according to road
authority specifications for road foundation construction [50], where the micro-Deval
coefficient maximum values of 35 and 50 are recommended. The micro-Deval test was
also used by De Witt et al. [51] to determine the ability to predict aggregate performance
during hauling. The correlation of the wear rates to standard material property tests may
allow for improved prediction of the impacts from forest roads based on the selection
of aggregate surfacing. Macro-encapsulated phase change material (PCM) lightweight
aggregates (ME-LWA) were tested by Zhou et al. [52]. They were tested end assessed for
their mechanical and thermal properties in road engineering applications. Many aggregates
are more susceptible to wear when wet compared to dry. The micro-Deval test enables
the use of water, in contrast to some other tests. The test results helped evaluate the
toughness/abrasion resistance of coarse aggregate subject to wear. As mentioned earlier,
the EN 14157:2017 [13] standard indicates the wide wheel abrasion test (WWA) as a model
for assessing rock abrasiveness. However, among the available publications, this method
is rare. Celik and Çobanoğlu [53] used the wide wheel abrasion test to assess building
stone samples’ abrasiveness. Natural building stones constitute an essential economic
input for countries with substantial reserves and international market share worldwide.
It is a known fact that the continuous production of natural stone leads to a decrease or
even the depletion of limited natural resources. The service life of rock materials used as
natural building stones is controlled mainly by their physical and mechanical properties.
Rock abrasiveness is an important parameter that should be considered, especially in areas
subject to heavy pedestrian or vehicle traffic. Kolgitti and Çelik [54] used the WWA test to
determine the abrasiveness of rocks used as natural building stones. Within the scope of
this study, nine different rock types were selected (e.g., ignimbrites, dolomites, travertines,
limestones, diabases and marbles). Sample groups were obtained as blocks from different
regions of Turkey. According to European Standards, the WWA test is carried out on only
prismatic samples. However, in the design of rock engineering structures such as tunnels,
dams and investigations for various purposes, samples are supplied as cylindrical cores
from exploration drillings. So, in this study, the WWA test on rock cores using a newly
designed core holder apparatus was investigated.

The least used method for evaluating rock abrasiveness is the Amsler test, presented
in the available publications only by Costa et al. [17], to assess the abrasiveness of concrete
blocks produced with sinter feed tailings.
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4.2. Rock Abrasivity Test Methods Application

As mentioned before, abrasivity is determined when we are interested in the wear of
the tool with which we cut the stone or the wear of machine elements in direct contact with
the rock.

The Cerchar abrasion index (CAI) is commonly used to represent rock abrasivity and
estimate disc life and wear in tunnelling applications. This method was used, among others,
by Ko and Lee [55], Rostami et al. [56] and Jeong et al. [57] to assess rock abrasivity in terms
of disc wear. Currently, TBMs meet growing requirements, enabling tunnelling in hard-to-
cut and abrasive rocks, such as granites, basalts, sandstones, melaphyres, porphyries and
dolomites. Ko and Lee [55] also noted that rock abrasivity significantly affects not only the
discs’ wear but also the discharge pipes and pumps of transport systems. Another area
of application of the CAI is hard coal mining, which is carried out with road headers and
longwall shearers. Rock mining is carried out by cutting (milling) with various mining
tools. The most commonly used are conical picks that wear out in contact with the mined
rock [58–60]. In the aspect of wear of mining tools, the CAI was used, among others, by
Alber [61], Hamzaban et al. [62], Zhang et al. [63] and Teymen [64]. Zhang et al. [65],
based on the test results of the CAI and physical and mechanical properties of 13 groups
of rock samples collected from southwestern China, focused on the correlations of the
CAI value with rock strength, petrographic characteristics and drilling parameters. The
results provide a new method for rapidly and accurately determining rock abrasivity in the
drilling field. Capik and Yilmaz [66] investigated the relationships between the CAI and
drill bit lifetime. They even developed a way to model drill bit lifetime based on the CAI.
The research was carried out for marl and andesitic-basaltic formation. Larsen-Basse and
Perrott [67] focused on the impact of rock abrasivity on wear mechanisms during rotary
drilling of sandstone with sintered tungsten carbide tools. The higher the rock’s abrasivity
index, the finer the abrasive particles in the rock. This leads to selective cobalt removal and
microfracture of the carbide skeleton. Hence, knowledge of rock abrasivity is essential in
selecting the appropriate type of sintered carbide for drilling tools. Di Giovanni et al. [68]
used the Cerchar test to assess the rock abrasivity of marble, which is extracted mainly
using chainsaw cutting machines. These are currently used extensively due to their high-
safety working conditions compared to other techniques and their extraordinary versatility,
especially in underground mining. Although this cutting technique is well-known and
widely used, an uncommon problem of tool wear was found in the quarry under study,
which strongly acted on production. The assessment of rock abrasivity is also used in civil
engineering. Figarska-Warchoł and Rembiś [2] used the Cerchar test to investigate the
influence of the lithological diversification of thin layers—laminae present in terrigenous
sandstones of various genesis on selected physical and mechanical properties of these rocks.
The results collate with the velocities of the longitudinal ultrasonic waves and the apparent
density and water absorbability of the sandstone samples. Thorough knowledge of the
quality variation in laminated sandstones enables the management of rock material with
different properties and reduces waste production. Thus, it significantly contributes to the
protection of such rock deposits. Additionally, the authors point out that the designers’
disregard for the diversity of the stone’s technical parameters may lead to grave planning
errors, damage to the stone elements and more severe construction disasters that risk
human health and life. As an example, they give a way of anchoring elevation wallboards.
There must be more than one mechanically resistant outer lamina to secure a firm stone
setting. The construction stability depends on the deeper laminae in which the anchor
bolts are fixed. Assuming that the mechanical resistance of such inner laminae happens to
be weak, the resulting stress may finally lead to the defoliation of the wall-board and the
peeling off of elevation fragments.

Majeed and Abu Bakar [69], in the aspect of disc wear in tunnel construction, first
used the CAI to assess the abrasivity of rock samples taken from various places in Pakistan.
However, later, in cooperation with Rostami [70], they used the LCPC method. The authors
argue that the advantage of the LCPC test over the standard Cerchar test is that the LCPC



Sustainability 2023, 15, 11243 17 of 21

method allows the test to also be performed on saturated samples with different water
content. De Azevedo Barbosa et al. [71] used the LCPC test to evaluate the abrasivity
of rocks from the iron oxide-copper-gold (IOCG) deposit of Sossego (Canaã dos Carajás,
Brazil), where hydrothermal alterations in shear zones concentrated the metals of interest
and added new characteristics to the metavolcanic-sedimentary and granite rocks. This in-
formation permitted the researchers to take preventive measures to minimise the influence
of processing this highly abrasive material.

Additionally, de Azevedo Barbosa et al. [71] used the SAT test to understand the
wear potential of the studied material firstly and, secondly, the desirable effect potentially
obtained by using conditioning agents (water and other additives). Tang et al. [72] used
the improved soil abrasion test (SAT) to study the impact mechanism of soil parameters
on scraper wear. These tests enabled the assessment of the variation in scraper wear with
quartz content, particle size, particle shape and water content.

The rolling indentation abrasion test (RIAT) [38] is used only for disk wear. This
test procedure aims to simulate the wear behaviour of hard rock tunnel boring in a more
realistic way than the generally used methods because wear by rolling contact on intact
rock samples is submitted. Tunnels, e.g., subways, are often drilled in abrasive sandy soil.
Hence, Rostami et al. [73] used the RSAI method, which simulates the working conditions
of the cutting discs in the excavation chamber of pressurised face shields. There are high
contact stresses between the cutting disc and the soil. This test assures the original soil
size distribution, field moisture conditions and the possibility of applying high ambient
pressures and soil conditioners. When TBM tunnelling in abrasive sandy ground, the
cutting discs are subject to wear and the scrapers are loaded with heavy forces resulting
from the extrusion and friction processes of sand. The wear of the scraper resulting in
displacement or desquamation is related to soil parameters.

Khoshouei et al. [74] investigated the possibility of estimating rock abrasivity by
processing the acoustic and vibration signals generated while drilling. Before the tests, the
Schimazek abrasivity factor, F, of the samples of igneous rocks, classified as hard rocks,
was obtained. Acoustic and vibration signals were analysed in time, frequency and time–
frequency domains and a series of parameters related to the resulting spectra were extracted.
After receiving the acoustic and vibration parameters for drilling, the relationship between
them and the rock abrasivity was studied.

The AGH method is mainly used to assess rock abrasivity regarding the wear of
conical picks used in underground mining [5,40,41]. This method is also used to assess the
abrasivity of building materials, such as granite paving stones (Figure 15b), in terms of
their cutting out.

5. Conclusions

The analysis of the behaviour in the extraction, transportation and utilization of hard-
rock-type mineral substances determined that abrasive wear is one of the most extended
and aggressive forms of wear. The effects of abrasive wear on the machine components
and their economic implications are considerable, mainly due to the operational pauses in
the technological flows.

The results of the performed experiments demonstrate that both the reconditioning
and execution of spare parts, with the help of reusable materials, could be solutions for
sustainability in many economic fields, especially in those where the production costs are
immense [75]. For this reason, many methods exist for assessing rock abrasiveness and
rock abrasivity.

All rock abrasiveness test methods are carried out under the standards that describe
the method of preparing samples for testing, individual elements of the test stand and the
test procedure itself. However, in the case of assessing rock abrasivity, some methods are
described in standards (Cerchar, LCPC) and others only in publications. They are invented
in different research centres worldwide depending on how the rock interacts with the
wear element (picks, discs, drills, conveyor troughs, etc.). Therefore, the assessment of
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rock abrasivity is often performed using two methods for the same materials to compare
the results.

Rock abrasiveness assessment is mainly used to evaluate various natural stones and
concrete for their abrasion resistance in terms of their use for paving slabs. The assessment
of rock abrasivity is most commonly used in tunnel construction, where the cutting shields
of the TBM (tunnel boring machine) are equipped with cutting discs that excavate the
rocks by static crushing. The effectiveness of the tunnelling process is influenced by rock
abrasivity, which determines the rate of abrasive disc wear [75,76]. Rock abrasivity is also
an essential factor affecting drilling tool wear used in many industries, such as drilling,
mining and construction. Abrasivity is a vital rock property with a direct impact on the
wear rate counting lifetime of drilling equipment and the rate of penetration. In addition,
the assessment of rock abrasivity is also carried out in underground mining in terms of the
wear of conical picks.

Many researchers are still looking for correlations between particular methods. Others
seek a relationship between abrasiveness or abrasivity and other rock properties.

This manuscript proves that both these terms are notoriously used interchangeably,
which needs to be corrected. The authors in one article use different nomenclature. There-
fore, it should be emphasized once again that abrasiveness is the susceptibility to abrasive
wear of rocks. At the same time, abrasivity describes the rock’s ability to destroy the
surfaces of solid materials, mainly steel, but not only (WC-Co, PCD [77] etc.).
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48. Ðokić, O.; Radević, A.; Zakić, D.; Ðokić, B. Potential of Natural and Recycled Concrete Aggregate Mixtures for Use in Pavement
Structures. Minerals 2020, 10, 744. [CrossRef]

49. Courard, L.; Rondeux, M.; Zhao, Z.; Michel, F. Use of Recycled Fine Aggregates from C&DW for Unbound Road Sub-Base.
Materials 2020, 13, 2994. [CrossRef]

50. SPW CCT. Cahier des Charges Type Qualiroutes; Service Public de Wallonie: Namur, Belgium, 2016.
51. De Witt, A.; Boston, K.; Leshchinsky, B. Predicting Aggregate Degradation in Forest Roads in Northwest Oregon. Forests 2020,

11, 729. [CrossRef]
52. Zhou, X.; Kastiukas, G.; Lantieri, C.; Tataranni, P.; Vaiana, R.; Sangiorgi, C. Mechanical and Thermal Performance of Macro-

Encapsulated Phase Change Materials for Pavement Application. Materials 2018, 11, 1398. [CrossRef]
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